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BACKGROUND AND PURPOSE

Hypoxia and subsequent re-oxygenation are associated with cardiac arrhythmias such as early afterdepolarizations (EADs),
which may be partly explained by perturbations in cytosolic calcium concentration. Transient receptor potential melastatin 4
(TRPM4), a calcium-activated non-selective cation channel, is functionally expressed in the heart. Based on its biophysical
properties, it is likely to participate in EADs. Hence, modulators of TRPM4 activity may influence arrhythmias. The aim of this
study was to investigate the possible anti-arrhythmic effect of 9-phenanthrol, a TRPM4 inhibitor in a murine heart model of
hypoxia and re-oxygenation-induced EADs.

EXPERIMENTAL APPROACH

Mouse heart was removed, and the right ventricle was pinned in a superfusion chamber. After a period of normoxia, the
preparation was superfused for 2 h with a hypoxic solution and then re-oxygenated. Spontaneous electrical activity was
investigated by intracellular microelectrode recordings.

KEY RESULTS

In normoxic conditions, the ventricle exhibited spontaneous action potentials. Application of the hypoxia and re-oxygenation
protocol unmasked hypoxia-induced EADs, the occurrence of which increased under re-oxygenation. The frequency of these
EADs was reduced by superfusion with either flufenamic acid, a blocker of Ca*-dependent cation channels or with
9-phenanthrol. Superfusion with 9-phenanthrol (10 or 10~ mol-L™") caused a dramatic dose-dependent abolition of EADs.

CONCLUSIONS AND IMPLICATIONS

Hypoxia and re-oxygenation-induced EADs can be generated in the mouse heart model. 9-Phenanthrol abolished EADs, which
strongly suggests the involvement of TRPM4 in the generation of EAD. This identifies non-selective cation channels inhibitors
as new pharmacological candidates in the treatment of arrhythmias.

Abbreviations

AP, action potential; APD, action potential duration; CFTR, cystic fibrosis transmembrane conductance regulator; EADs,
early afterdepolarizations; H-89, N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulphonamidedihydrochloride
hydrate; Ic,,1, L-type calcium current; I, potassium current; RMP, resting membrane potential; TRP, transient receptor
potential; TRPM4, transient receptor potential melastatin 4
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Introduction

Myocardial ischaemia is associated with drastic changes in
ATP levels, which result mainly from hypoxia, leading to
disturbances in the ionic concentrations such as accumula-
tion of [K*],, [Na‘];, [Ca*]; (Carmeliet, 1999). Among these,
[Ca*]; plays a crucial role because of the sensitivity of many
processes to this ion. Diastolic [Ca*]; increases within a few
minutes in mammalian heart models of ischaemia or hypoxia
(Kihara et al., 1989; Siegmund et al., 1992). Upon reperfusion,
the kinetics of [Ca*]; variations depend on the model, but it
usually results in a secondary increase in [Ca*?]; associated
with oscillations (Carmeliet, 1999). This [Ca*]; overload is in
part responsible for the occurrence of triggered activities
arising before the end of the action potential (AP) repolariza-
tion, called early afterdepolarizations (EADs), leading to
arrhythmias. Indeed, while EADs that occur during the
plateau phase of the AP are due to re-activation of Ca*" chan-
nels, those that occur late in repolarization, are attributable to
Ca%-activated currents (Priori et al., 1990; Benndorf et al.,
1991a; Bers, 2001).

[Ca*]i-sensitive effectors that are capable of slowing down
the repolarization and thus prolonging the action potential
are key players in EAD induction (Carmeliet, 1999). Among
these, transient receptor potential melastatin 4 (TRPM4) is a
new candidate, the contribution of which was suggested pre-
viously (Guinamard et al., 2006). TRPM4 is a non-selective
cation channel cloned in 2002 (Launay et al., 2002) that is
almost ubiquitously expressed in tissues and the physiologi-
cal roles of this channel are now emerging (Guinamard et al.,
2010). According to biochemical data, the heart shows one of
the highest levels of expression of TRPM4 (Launay et al.,
2002). Moreover, its functional expression was demonstrated
by electrophysiological investigations in mouse sino-atrial
node (Demion etal., 2007), human atrium (Guinamard
etal., 2004) and spontaneously hypertensive rat ventricle
(Guinamard et al., 2006). The relative expression of TRPM4
transcripts, assayed by quantitative RT-PCR in non-diseased
human hearts indicated that the channel is expressed more in
Purkinje fibres than in septum, atrium and ventricles (Kruse
et al., 2009). In addition, two recent studies reported muta-
tions in the human TRPM4 associated with cardiac conduc-
tion block (Kruse et al., 2009; Liu et al., 2010). Despite these
reports, the physiological and pathological role of TRPM4 in
heart function remains poorly understood. By producing cell
depolarization during calcium overload, TRPM4 probably
participates in cardiac perturbations such as afterdepolariza-
tions observed during the reperfusion after ischaemia.

In a recent study, we demonstrated that TRPM4, expressed
heterologously in HEK-293 «cells, is inhibited by 9-
phenanthrol, a benzo[c]quinolizinium derivative (Grand
et al., 2008). 9-Phenanthrol was very recently shown to be
suitable for physiological studies. Indeed, it has been used to
modulate cerebral arterial constriction, in which it acts
through inhibition of pressure-induced smooth muscle depo-
larization, when applied at 10 mol-L™' (Gonzales et al.,
2010a,b). In addition, 9-phenanthrol eliminates N-methyl
D-aspartate-induced burst firing in nigrostriatal dopaminergic
neurons, when applied at 10 mol-L™" (Mrejeru et al., 2011).
Interestingly, flufenamic acid, another TRPM4 blocker, repro-
duces these effects (Gonzales ef al., 2010a; Mrejeru et al.,
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2011). According to these results on excitable cells, we
hypothesized that 9-phenanthrol and flufenamic acid would
be able to modulate hypoxia and reperfusion-induced cardiac
arrhythmias.

The aim of the present study was to investigate the effect
of 9-phenanthrol on cardiac arrhythmias. A mouse heart
model was developed to induce arrhythmia in conditions
of hypoxia followed by re-oxygenation. Action potentials
were recorded in the mouse ventricles using a standard
intracellular microelectrode technique. Superfusion with
9-phenanthrol led to a dose-dependent decrease in the occur-
rence of EADs. This is the first report of an anti-arrhythmic
action of 9-phenanthrol.

Methods

Heart sampling

All animal care and experimental procedures complied with
the Guidelines of the European Commission Directive
86/609/EEC and were approved by the local Ethics Commit-
tee. Adult female C57/BL6JRj mice (4-6 weeks) were killed by
cervical dislocation, and the heart was quickly removed. The
left ventricle was ablated, while the right ventricle was
opened and pinned down, with the endocardial surface
upwards, in a superfusion chamber. When specified, pieces of
the right ventricle free wall were isolated and similarly placed
in the chamber. The chamber was superfused at the rate of
7 mL min™ with a physiological solution bubbled with 95%
0, and 5% CO, and maintained at 37°C. The composition of
the standard physiological solution (pH 7.4) was (in
mmol-L™): NaCl 108.2, KCl 4, CaCl, 1.8, MgCl, 1.0, NaH,PO,
1.8, NaHCO; 25, glucose 11. When specified, the solution was
buffered with HEPES, using the following composition (in
mmol-L): NaCl 140, KClI 5.4, CaCl, 1.8, MgCl, 2.1, NaH,PO,
0.3, HEPES 10, glucose 11.

Experimental protocol

The right ventricle fragment was superfused in standard, nor-
moxic conditions (physiological solution saturated with 95%
0, and 5% CO,) for 15 min. It was then exposed to hypoxic
conditions by turning off the bubbling of the physiological
solution for 2 h. At the end of the hypoxic episode, the
ventricle was superfused with the initial oxygenated solution,
simulating re-oxygenation. Drugs were added for 10 min in
the superfusion solution either during the hypoxic or
re-oxygenation episode, as specified in the text.

Flufenamic acid and 9-phenanthrol were dissolved in
dimethylsulphoxide (DMSO) to a maximum final DMSO con-
centration of 0.1% that had no effect on ventricular action
potential (data not shown). The control solution had the
same concentration of DMSO.

N-[2-(p-bromocinnamylamino)ethyl] - 5 -isoquinolinesul
phonamidedihydrochloride hydrate (H-89) was dissolved in
water.

Drug/molecular target nomenclature conforms to BJP’s
Guide to Receptors and Channels (Alexander et al., 2011).

Action potential acquisition and analysis
Transmembrane potentials were recorded by conventional
intracellular microelectrode technique, using a glass micro-
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electrode filled with KCl (3 mol-L') with tip resistance
around 10 MQ. The microelectrodes were coupled to the
input stages of an in-house impedance capacitance-
neutralizing amplifier. The recordings were displayed and
analysed using a cardiac action potential (AP) automatic
acquisition software (iox 2, Emka Technologie, France) pro-
viding AP rate, resting membrane potential (RMP), action
potential duration at 50% (APDsy), 70% (APDy) and 90%
(APDg) of repolarization. No electrical stimulation was
applied, allowing recording of the free activity of the ven-
tricle. The number of EAD was determined by visual screen-
ing of the recordings. An event was considered as an EAD
when additional depolarization occurred during AP repolar-
ization, before completion of total repolarization (see repre-
sentative traces in Figure 1A). To evaluate the variation of
EAD frequency, the number of EAD per 10 s were recorded
and normalized to the number of AP in the same period
(EAD/AP).

Partial oxygen pressure (pO,) in the physiological solu-
tion was measured using a Z900 electrode oxymeter (Consort,
Turnhout, Belgium). The solution was saturated by bubbling
for one hour with 95% O,, 5% CO,. Bubbling was thus turned
off, and pO, was measured during the two hours of hypoxia.
For re-oxygenation, the hypoxic solution was changed sud-
denly to the saturated solution.

Isolation of mouse ventricular myocytes
Myocytes were isolated from mice ventricles using an adapted
enzymatic dissociation protocol (Sallé et al., 2008). Briefly,
after the mice had been killed, the heart was rapidly removed
and mounted on a Langendorff apparatus and perfused retro-
gradely with a HEPES-based isolation solution containing (in
mmol-L™): NaCl 130, KC1 5.4, NaH,PO, 0.4, MgCl, 1.4, CaCl,
1, HEPES 10, glucose 10, taurine 20 and creatine 10 (pH 7.4
with NaOH). When the coronary circulation had been cleared
of blood, perfusion was continued with Ca-free isolation
solution (in which CaCl, was replaced with 0.1 mmol-L™!
EGTA) for 4 min, followed by perfusion for a further
15-17 min with isolation solution containing 0.3 mg-mL™
collagenase (type I; Worthington Biochemical, Lakewood, NJ,
USA), and 0.08 mg-mL™" protease (type XIV; Sigma, L'Isle
d’Abeau Chesnes, France) supplemented with 1% BSA. The
ventricles were then excised from the heart, minced, and
gently shaken at 37°C in enzyme-containing solution. Ven-
tricular cells were filtered from this solution and resuspended
in isolation solution containing 1 mmol-L™ Ca*. All experi-
ments were performed at room temperature (20-23°C).

Calcium and potassium current recordings
Myocytes were studied in Petri dishes on the stage of an
inverted microscope (Nikon TE2000, Tokyo, Japan). Currents
were recorded using the whole-cell configuration of the patch
clamp technique. An Axopatch 200B (Axon Instruments,
Sunnyvale, CA, USA) amplifier was used, controlled by a
Pentium PC connected via a Digidata 1322A A/D converter
(Axon Instruments), which was also used for data acquisition
and analysis using pClamp software (Axon Instruments).
Signals were filtered at 2 kHz using an eight-pole Bessel low-
pass filter before digitization at 10 kHz and storage. Patch
pipettes resistance was typically 0.8-1.2 MQ when filled with
intracellular solution (below).
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Figure 1

Hypoxia—re-oxygenation-induced arrhythmias. (A) Action potentials
were recorded in a mouse ventricle superfused with a standard,
oxygenated solution (a), followed by a hypoxic solution (b), followed
by the oxygenated solution again (c). EADs are indicated by stars.
Bars represent time interval (ms) or voltage (mV) as indicated. (B)
The number of EADs recorded as above were normalized to that of
action potentials (EAD/AP) for 10 s periods and plotted against time.
Same experiment as in (A). Arrows indicate the time corresponding
to a, b and c recordings. Bar represents a 30 min interval. (C) pO, in
the superfused solution, normalized to the value of a saturated
solution, recorded during the above hypoxia—re-oxygenation proto-
col (mean = SEM; n=4). (D) Number of EAD/AP is compared for the
three phases: start (O,), hypoxia and re-oxygenation. Open circles
linked by dotted lines indicate single experiments, while black circles
linked by black line correspond to the mean of experiments (mean +
SEM; n = 6).

L-type calcium current (Ic,1) was measured using Na'- and
K*-free external and internal solutions to avoid contamina-
tion by overlapping ionic currents (Brette et al., 2006). The
external solution contained (in mmol-L™): 4AP 5, TEACI 130,
MgCl, 0.5, HEPES 10, Glucose 10, CaCl, 1, pH set to 7.4 using
TEAOH. The pipette solution contained (in mmol-L™) CsClI
110, TEACI 20, MgCl, 0.5, Mg-ATP 5, EGTA 5, HEPES 10,
GTP-Tris 0.4, set to pH 7.2 with CsOH. Ic,. was elicited by a
300 ms rectangular step to 0 mV (from a holding potential of
—-80 mV) at 0.1 Hz and measured as the difference between
the peak current and current at the end of the pulse.

K* currents were recorded with the HEPES-based salt solu-
tion (above) but with 1 mmol-L™* CdCl, to block Na‘*-Ca?



exchange, fast Na* and Ca® currents. The pipette solution
contained (in mmol-L") KCI 140, MgCl, 0.5, Mg-ATP 5, EGTA
5, HEPES 10, GTP-Tris 0.4 set to pH 7.3 with KOH. To evoke
potassium currents, a 150 ms test step to +30mV (i.e.
approximate peak of action potential overshoot) from a
holding potential of -80 mV was applied for 150 ms. A 50 ms
prepulse to —40 mV was used to ensure full inactivation of
fast Na* current during the test pulse. With this protocol, it
was possible to record at least four components of K current
in mice ventricular myocytes (see Nerbonne and Kass, 2005).
Thus, the area (integral) between the current trace activated
by the depolarizing pulse and the zero current level repre-
senting global charge carrying by K* at +30 mV was analysed.
Experimental conditions described above exclude contribu-
tion of other ions to the outward current. Cells showing
a variation in Iyoq (i.e. current at -80 mV) during experi-
ments likely to alter our area measurements at +30 mV were
discarded.

Data analysis

Results are reported as mean = SEM. To compare occurrence
of EAD/AP in different experimental conditions, data were
tested for normality by a Shapiro-Wilk test (normality
accepted for P > 0.05), then compared using Student’s paired
t-test. Student’s unpaired t-test was used when comparing
data from a different batch of experiments. Statistical analysis
was performed using Sigma Plot software v.11 (Systat,
Chicago, IL, USA). Values of P < 0.05 were taken to indicate
statistically significant differences; n refers to the number of
experiments conducted and the number of mice used.

Results

Spontaneous activity in right ventricle

The first set of experiments was designed to characterize the
free ventricular electrical activity from the whole right ven-
tricle. In the initial superfusion with standard oxygenated
solution, ventricles exhibited an initial spontaneous AP activ-
ity (Figure 1A, left). The mean beating rate was 384.4 * 11.9
beats min™ (n = 10 mice) in oxygenated conditions. RMP was
-74.4 £ 1.2 mV and action potential durations for 50%, 70%
and 90% of repolarization (APDs,, APD;, and APDs,) were
10.2 = 0.6, 17.3 = 1.1, 37.3 = 2.4 ms (n = 10), respectively,
which is agreement with previous reports on such prepara-
tions (Anumonwo et al., 2001). No EADs were observed in
these initial oxygenated conditions (n = 10 mice).

To identify the origin of this spontaneous activity, we
evaluated the activity from isolated free wall pieces of the
right ventricle that contain less conductive tissue than the
septum. Only 3 out of the 11 specimens exhibited spontane-
ous activity, while others did not. Moreover, the beating rate
of the three active specimens was 236 * 7.6 beats min”,
which is significantly smaller than whole right ventricle
preparations (unpaired t-test, P < 0.00005). This suggests that
the free activity is correlated with the abundance of conduc-
tive tissue.

Hypoxia-re-oxygenation-induced arrhythmias
Hypoxia and re-oxygenation were induced in whole right
ventricle preparations. After 15 min in normoxia, the prepa-
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ration was superfused for 2 h with the standard physiological
solution without oxygenation. The pO, measured in the
superfused solution decreased progressively with time and
was significantly reduced by 33.0 = 1.2% (n = 4, paired t-test,
P < 0.0005) after 2 h (Figure 1C). EAD appeared in all experi-
ments (n = 6) starting at 14.7 = 3.4 min of hypoxic conditions
when the pO, was reduced by only 10% (Figure 1A,B). At the
end of the 2 h of hypoxia, EADs were detected with a fre-
quency of 0.4 £ 0.2 EAD/AP (n = 6). After 2 h of hypoxic
conditions, the superfusion was switched back to the oxygen-
ated solution, restoring the initial pO, level. This step is
referred to as re-oxygenation conditions in the following text.
EAD frequency was significantly enhanced to 1.6 = 0.2
EAD/AP in re-oxygenation conditions (n = 6, paired t-test,
P < 0.0001 when compared with hypoxia) (Figure 1D).

We disregarded APD and beat rate variations under
hypoxia and re-oxygenation from further study because the
presence of EADs strongly modifies these parameters render-
ing their significance questionable.

To ensure that EADs were induced by hypoxia and
re-oxygenation, five recordings were performed for 2.5 h with
permanent superfusion of oxygenated solution. EADs were
detected only episodically with an occurrence increasing with
time of superfusion to reach the low level of 0.1 = 0.1
EAD/AP (n = 5) at the end of the 2.5 h. This occurrence is
significantly smaller than those observed after hypoxia and
re-oxygenation (unpaired t-test, P < 0.05). Note that in these
control experiments, no significant variation of beating rate
was observed during the 2.5 h with superfusion of oxygen-
ated solution.

In our model where pH is equilibrated with NaHCO;, pH
variations may occur when CO, bubbling is interrupted and
may thereby impact EADs. Hence, the effects of hypoxia and
re-oxygenation on EADs under conditions in which pH was
buffered with HEPES were investigated. Under these condi-
tions, the hypoxia and re-oxygenation protocol was similarly
able to induce EADs [0.7 = 0.4 EAD/AP (n = 6) in hypoxia and
1.2 = 0.6 EAD/AP (n = 6) in re-oxygenation]. This indicates
that the EADs recorded in our model are not induced by
changes in external pH.

Anti-arrhythmic effect of 9-phenanthrol
We used the protocol of hypoxia and re-oxygenation
described in the previous section to induce EADs and evaluate
whether the TRPM4 inhibitor 9-phenanthrol is able to modu-
late their occurrence.

9-Phenanthrol at 10~ or 10 mol-L™ was added to the
oxygenated solution within the re-oxygenation episode (see
grey box in Figure 2B) and reduced the number of EADs
occurring (Figure 2). 9-Phenanthrol at 10° mol-L™ applied
for 10 min significantly reduced the number of EAD by 59.5
+12.3% (1.8 = 1.4 EAD/AP compared with 2.8 = 1.7 EAD/AP
in control, paired t-test, P < 0.05, n = 6). Moreover,
9-phenanthrol at 10 mol-L™ totally suppressed EADs in all
experiments after 3.1 = 0.7 min of superfusion (n = 6)
(Figure 2A). A representative experiment depicted in
Figure 2B shows the time course of 9-phenanthrol effect. The
effect of 9-phenanthrol was partly reversed by washing (oxy-
genated physiological solution) in all experiments.

We measured the effect of 9-phenanthrol on the resting
membrane potential (RMP) in re-oxygenation conditions.
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The RMP was not affected by 9-phenanthrol even at
10~ mol-L™! (non-significant variations of 0.3 = 0.4 mV for
10° mol-L'!, n =6 and +0.5 = 2.5 mV for 10* mol-L™, paired
t-test, NS, n = 6) (Figure 2E).

The anti-arrhythmic effect of 9-phenanthrol was not
restricted to re-oxygenation-induced arrhythmias since it also
reduced the occurrence of hypoxia-induced EADs. Indeed,
9-phenanthrol at 10~ mol-L™" applied for 10 min during the
hypoxic episode reduced the number of EADs occurring by
76.4 = 11% (n = 5), while 9-phenanthrol at 10 mol-L™"
totally suppressed EADs in all experiments (n = 3). Once
again, no significant variation in RMP was detected after
application of 9-phenanthrol.

Effect of 9-phenanthrol on Ic,. and Ik
Because I¢, is one of the major currents responsible for EADs,
we investigated the effect of 9-phenanthrol on this current
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Figure 2

Anti-arrhythmic effect of 9-phenanthrol. (A) Action potentials
recorded in a mouse ventricle during re-oxygenation in the standard
solution (a), or in the presence of 9-phenanthrol, 10 mol-L™' (b), or
after washout of 9-phenanthrol (c). Bars represent time interval (ms)
or voltage (mV) as indicated. (B) Number of EAD/AP for 10 s periods
during re-oxygenation for the above a, b and c phases, as indicated.
The phase of superfusion with 9-phenanthrol, 10~ mol-L™', is high-
lighted in grey. Bar represents a 10 min interval. (C) Number of
EAD/AP after re-oxygenation before and during superfusion of 10~
or 10 mol-L™" 9-phenanthrol. Open circles linked by dotted lines
indicate single experiments while black circles linked by black line
correspond to the mean of experiments (mean * SEM; n = 6).
(D) Reduction in EAD/AP (mean = SEM) during superfusion with 10~
or 10 mol-L™" 9-phenanthrol, followed by washing with standard
solution, given as a percentage of the value during re-oxygenation
before application of the drug and calculated as follows: % reduction
= 100 - [(EAD/AP with inhibitor)/(EAD/AP in control) x 100].
(E) Resting membrane potential variation induced by 9-phenanthrol
10~* mol-L™". Open circles linked by dotted lines indicate single
experiments while black circles linked by black line correspond to the
mean of the 6 experiments. Control corresponds to RMP in
re-oxygenation solution before application of the drug.

A
<

recorded on freshly isolated mouse ventricular myocytes,
using the whole-cell configuration of the patch-clamp tech-
nique. Application of 9-phenanthrol at 10~ mol-L™ had no
effect on Ic,. density (3.1 = 0.8 pA/pF vs. 3.2 = 0.7 pA/pF in
control and 9-phenanthrol 10~° mol-L™, respectively, paired
t-test, NS, n = 6) but 9-phenanthrol at 10™* mol-L™! reversibly
reduced the current density by 47% (3.4 = 0.5 pA/pF vs.
1.8 = 0.5 pA/pF in control and 9-phenanthrol 10~ mol-L™,
respectively, paired t-test, P < 0.05, n = 6) (Figure 3A,B).
Activation of potassium channels may reduce EADs
induction by accelerating cell repolarization. We thus inves-
tigated the effect of 9-phenanthrol on Ik in ventricular myo-
cytes. Application of 9-phenanthrol at 10~ mol-L™" had no
effect on the whole K current estimated by the charge carried
by K (3.3 = 0.6 pC/pF vs. 3.0 = 0.5 pC/pF in control and
9-phenanthrol 10 mol-L™ treated preparations, respectively,
paired t-test, NS, n=5), whereas 9-phenanthrol at 10™* mol-L™
reversibly reduced K current by 43% (3.0 = 0.3 pC/pF vs.
1.7 = 0.1 pC/pF in control and 9-phenanthrol 10™* mol-L},
respectively, paired t-test, P < 0.05, n = 5) (Figure 3C,D).

Lack of PKA contribution

A previous study has suggested a possible inhibition of
bovine cAMP-dependent protein kinase catalytic subunit
(PKA) by phenanthrene derivatives (Wang et al., 1994). We
investigated whether this action might be involved in the
anti-arrhythmic effect of 9-phenanthrol. After induction of
arrhythmias by the hypoxia-reoxygenation protocol, the
PKA inhibitor H-89 at 10°mol-L"' was added during
re-oxygenation (referred to as control conditions). At this
concentration, the isoquinoline derivative H-89 is known to
be specific for PKA (Chijiwa efal., 1990; Lochner and
Moolman, 2006) and has an inhibitory effect on PKA-
mediated parameters on isolated heart (Robinet et al., 2005).
H-89 applied for 10 min did not significantly affect arrhyth-
mias (1.1 = 0.4 EAD/AP compared with 1.0 = 0.4 EAD/AP in
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Figure 3

9-Phenanthrol effect on I, and Ix. (A) Representative example of 9-phenanthrol effect (10 mol-L™, left, and 10~* mol-L™', right) on L-type
calcium current elicited by a 300 ms step from —80 to 0 mV in mouse ventricular myocytes. (B) Means = SEM of 9-phenanthrol effect on L-type

calcium current (in pA/pF). Number of cells is indicated in each column.

(NS: not significant, * indicates P < 0.05). (C) Representative example

of 9-phenanthrol effect (10> mol L™, left, and 10~* mol L™, right) on K current elicited by voltage step (bottom) in mouse ventricular myocytes.
(D) Means = SEM of 9-phenanthrol effect (10 mol L' left and 10~ mol L' right) on global charge carrying by potassium (in pC/pF).

control, paired t-test, NS, n = 3) (Figure 4). The resting mem-
brane potential was =70 = 1 mV in control, compared with
—-69.7 = 0.9 mV in the presence of H-89, corresponding to a
non-significant variation of —0.3 = 1.2 mV (paired t-test, NS,
n =3). The superfusion of 9-phenanthrol at 10* mol-L™ in the
presence of 10° mol-L™" H-89 totally suppressed arrhythmias
in the three experiments performed (Figure 4). No significant
effect on resting membrane potential was induced by
9-phenanthrol in the presence of H-89 (variation of -1.2 =
0.8 mV, paired t-test, NS, n = 3). In view of these results, the
anti-arrhythmic effect of 9-phenanthrol appears to be inde-
pendent of PKA.

Effect of flufenamic acid

We investigated the effect of the less selective but most com-
monly used TRPM4 inhibitor flufenamic acid on hypoxia—
reoxygenation-induced EADs. The latter was superfused at a
concentration of 10~° mol-L™, which has been shown to
inhibit 70% of TRPM4 currents in the HEK-293 cells as well as
in native cardiomyocytes (Ullrich ef al., 2005; Guinamard
et al., 2006). Higher concentrations were not used in order to
minimize effects on other targets (see Discussion). Flufenamic
acid (10° mol-L™") significantly reduced the hypoxia—
reoxygenation-induced arrhythmias (0.3 = 0.2 compared
with 1.9 = 0.4 EAD/AP in control, paired t-test, P < 0.0001,
n = 5) (Figure 5). This effect was reversible as shown in
Figure 4. Interestingly, EAD re-appeared within a minute after
washing of flufenamic acid, while recovery was delayed after
9-phenanthrol superfusion (compare Figures 2B and S5B).

Additionally, no significant variation in RMP was induced by
flufenamic acid superfusion (variation of —-0.5 * 0.3 mV,
paired t-test, NS, n = 5).

Discussion

Hypoxia and re-oxygenation protocol

The first intriguing observation in our study was the perma-
nent and regular free beating activity of the ventricles.
According to the fact that, in our preparation, atria was
removed, the pacemaker activity did not come from sinus
node but most likely from the atrioventricular node or con-
ductive tissue. Indeed, the spontaneous activity is lower in
pieces isolated from the free wall compared with specimens
in which the entire right ventricle is preserved. Such sponta-
neous activity originating from conductive tissue has been
reported in mouse isolated right ventricle, albeit without
detailed analysis (Anumonwo et al., 2001). The present study
did not evaluate the effect of drugs on this activity but
focused only on the occurrence of EADs referred to as
arrhythmias. As shown by the results, EADs are very rare and
episodic in oxygenated conditions.

The protocol for simulating hypoxia and re-oxygenation
described here successfully induced reproducible and fre-
quent arrhythmias. Other protocols for induction of EADs in
mouse ventricle either by long cycle length stimulation or by
application of caesium to block K' channels have been
reported to be difficult to implement and not sufficiently
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Anti-arrhythmic effect of 9-phenanthrol is independent of PKA. (A) Action potential recordings in a mouse ventricle under re-oxygenation in four
successive superfusion solutions: (i) initial re-oxygenation without drug, (ii) re-oxygenation with solution containing H-89 107 mol-L™, (iii)
re-oxygenation with solution containing H-89, 107 mol-L™" + 9-phenanthrol, 10~ mol-L™! or (iv) re-oxygenation with solution containing H-89,
107¢ mol-L™" with washout of 9-phenanthrol. Bars represent time interval (ms) or voltage (mV) as indicated. Note that superfusion with H-89 does
not suppress EADs, while that with 9-phenanthrol does. (B) Percentage reduction of EAD/AP (mean * SEM) due to superfusion with
re-oxygenation solution containing H-89 (1076 mol-L™") alone or H-89 (107 mol-L™") + 9-phenanthrol (10~ mol-L™") (n = 3) compared with initial

re-oxygenation solution without the drugs.

reproducible (Shen and Liu, 1993; Zhou and Liu, 1997). Inter-
estingly, a mouse Langendorff model of ischaemia-induced
ventricular fibrillation was recently described in which
arrhythmias occurred in ischaemia and were exacerbated in
reperfusion (Stables and Curtis, 2009). In this model, an
increased number of arrhythmias occurred within minutes
after re-oxygenation, similar to our results but different from
other species in which they occurred within seconds (Stables
and Curtis, 2009). As stated by Stables and Curtis (2009),
because the time profile of re-oxygenation-induced arrhyth-
mias is not known in humans, these characteristics in the
mouse do not exclude it as a clinically relevant model.

Our model simulates hypoxia and re-oxygenation, but
not necessarily the consequences of ischaemia and reperfu-
sion observed in vivo. Indeed, ischaemia results not only in
hypoxia but also in metabolic and neurohormonal perturba-
tions that play a critical role during in vivo reperfusion. The
hypoxic level obtained in our model (pO, reduction by 33%
after 2 h of hypoxia) is about half the level obtained by a
complete replacement of O, with N, bubbling (reduction of
65%) (Sugimoto et al., 1995). Hence, it is possible that mod-
erate hypoxia is sufficient to induce EADs.

Anti-arrhythmic effect of 9-phenanthrol and
possible targets
An anti-arrhythmic effect of 9-phenanthrol could be demon-
strated using the hypoxia-reoxygenation model described
here. To our knowledge, this is the first report on the cardiac
effects of a benzo[c]quinolizinium derivative.

The physiological effects of benzo[c]quinoliziniums have
not been defined. A large family of these molecules was
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designed to modulate the cystic fibrosis transmembrane con-
ductance regulator chloride channel (CFIR) (Becq etal.,
1999; Becq, 2006). The CFTR is expressed in the heart, albeit
weakly, including in mouse ventricular cardiomyocytes
(Lader et al., 2000; Yamamoto-Mizuma et al., 2004; Sellers
et al., 2010). However, since 9-phenanthrol does not have any
effect on CFTR (Grand et al., 2008), modulation of CFTR
cannot explain the observed anti-arrhythmic effect of this
compound.

In addition to CFTR, the ATP-sensitive K* channel (Karp)
was shown to be inhibited by the benzo[c]quinolizinium
MPB-91 in Xenopus oocytes (Prost et al., 2003). Kxrp channel is
activated under hypoxic conditions in cardiomyocytes, when
[ATP]; is reduced (Benndorf etal., 1991b) and causes cell
hyperpolarization that protects against arrhythmias. Similar
to MPB-91, 9-phenanthrol may inhibit the Kuy» channel.
However, action potential prolongation through inhibition
of Kyrp would have promoted (rather than inhibited) the
phase 2 EADs observe in the present study, which is contrary
to our results. Moreover, the lack of effect of 9-phenanthrol
on the RMP indicates that the molecule does not modulate
ionic channels that are opened during the diastolic potential,
including Kxrp and the background inward rectifier Ix; chan-
nels. Hence, 9-phenanthrol is unlikely to act through Karp
channel inhibition.

In our experiments, we observed that 9-phenanthrol, at a
concentration of 10~ mol-L™, had no effect on the global K*
current, while at 10* mol-L™!, 9-phenanthrol inhibited it by
43%. In this study, we have not determined precisely which
component(s) of Ix was (were) implicated. Although a high
concentration of 9-phenanthrol inhibits a part of the current,
it is unlikely that this inhibition explains reduced frequency
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Anti-arrhythmic effect of flufenamic acid. (A) Action potentials
recorded in a mouse ventricle superfused with standard
re-oxygenation solution (a), followed by that containing flufenamic
acid, 107> mol-L™" (b), followed by wash with re-oxygenation solution
without drug again (c). Bars represent the time interval (ms) and
voltage (mV) as indicated. (B) Number of EAD/AP for 10 s periods
during the above phases, as indicated by arrows. Phase (b) is high-
lighted in grey. Bar represents a 5 min interval. (C) EAD/AP (mean *+
SEM) recorded during re-oxygenation with standard solution or with
that containing flufenamic acid, 10~ mol-L™' are compared (n = 5).

of EADs since it would have had an opposite pro-arrhythmic
effect.

A reduction in the frequency of EADs induced by
9-phenanthrol may be due to a direct inhibitory effect on
L-type Ca* channels. Interestingly, we observed that
9-phenanthrol was able to inhibit Ic,; at 10™* mol-L™! but had
no effect at 10~° mol-L™, a concentration at which frequency
of EADs diminished by 76% in our model. Thus, even if, at a
high concentration, Ic,. is involved in the reduction of EADs
induced by 9-phenanthrol, it is probably not the main target.
This interpretation is also supported by the anti-arrhythmic
effect of flufenamic acid that we observed at 10° mol-L™!, a
concentration shown to have no effect on Ic,; in arteries
(Shimamura et al., 2002). It is known that EADs arising below
—40 mV during late repolarization are most likely due to
Ca*-dependent currents than to I, activation (Bers, 2001).
Because the EADs recorded in our model occurred late in the
repolarization phase(see Figures 1, 2, 4 and 5), the target of
9-phenanthrol is probably a Ca*-sensitive current.

The benzo[c]quinolizinium compounds, MPB-104 and
9-phenanthrol were shown to inhibit TRPM4 over-expressed
in HEK-293 cells (Grand et al., 2008). Moreover, TRPM4 is the
only known channel to be affected by 9-phenanthrol. The
TRPM4 current was inhibited by 30% with 107 mol-L™
9-phenanthrol and by 90% with 10 mol-L™! 9-phenanthrol
(ICso=2x10"° mol-L™") (Grand et al., 2008). This sensitivity of

Anti-arrhythmic effect of 9-phenanthrol

TRPM4 to 9-phenanthrol is in agreement with the effective
concentrations for the anti-arrhythmic effect observed in
terms of reduction of EADs occurrence in the present study;
we observed a partial reduction in the frequency of EADs with
107 mol-L™! 9-phenanthrol and abolition with 10 mol-L™"
9-phenanthrol.

In view of the structural similarities among the TRP chan-
nels, 9-phenanthrol would be expected to modulate their
activities. However, recent experimental data have shown
9-phenanthrol to be specific to TRPM4. It is ineffective on
TRPMS, structurally and functionally the closest channel to
TRPM4 in the family (Grand et al., 2008). Also, in contrast to
TRPM4, TRPMS is not expressed in mouse heart (Pérez et al.,
2002; Murakami et al., 2003). TRPC3 and TRPC6 are two
channels with relatively ubiquitous expression including in
cardiac tissue. TRPC3 was detected in mouse ventricular
cardiomyocytes in which it participates in ischaemia-
reperfusion-induced perturbations, increasing apoptosis
(Shan et al., 2008). TRPC6 is also expressed in mouse cardi-
omyocytes and, like TRPC3, is involved in hypertrophic sig-
nalling (Kinoshita et al., 2010; Wu et al., 2010). None of these
channels, when expressed in HEK-293 cells, is affected by
9-phenanthrol (3.10° mol-L™") (Gonzales etal., 2010b).
9-Phenanthrol was also shown to have no effect on a TRPM7-
like current in mouse Cajal cells; TRPM7 is another member
of the TRP family that is expressed in heart (Kim et al., 2011).
Similarly, 9-phenanthrol (3x10~° mol-L™") does not inhibit the
vascular smooth muscle large conductance Ca?**-activated K*
current (BKc,), inward-rectifier K* current (IKy), voltage-
dependent K* current (Ky) or voltage-dependent Ca*" current
(VDCa) (Gonzales et al., 2010b).

Taken together, these data strongly suggest that
9-phenanthrol induces its anti-arrhythmic effect through
inhibition of the TRPM4 channel. This hypothesis is also
supported by the effect of flufenamic acid.

Anti-arrhythmic effect of flufenamic acid
Flufenamic acid is a non-steroidal anti-inflammatory drug
shown to inhibit TRPM4 when overexpressed in HEK-293
cells (Ullrich et al., 2005). Similar levels of inhibition were
observed for endogenous TRPM4 in cardiomyocytes from
human, rat and mouse (Guinamard etal., 2004; 2006;
Demion et al., 2007). It is commonly used to study the physi-
ological effects of TRPM4.

Flufenamic acid is also known to modulate the activity of
a large variety of other ion channels including the Ca*-
activated Cl- channel (Greenwood and Large, 1995), the
swelling-activated CI” channel (Jin et al., 2003) and TRP chan-
nels such as TRPC3 and TRPC6 (Inoue et al., 2001; Albert
et al., 2006), all of which are expressed in the heart. In addi-
tion, flufenamic acid was recently reported to activate a depo-
larizing cationic current different from TRPM4 in ventricular
cardiomyocytes (Macianskiene ef al., 2010). Since flufenamic
acid is a less specific inhibitor, its anti-arrhythmic effect
observed here may involve other channels in addition to
TRPM4. However, at least 10* mol-L! of flufenamic acid is
required to effectively modulate other channels, including
Icar (Inoue et al., 2001; Shimamura et al., 2002). Whereas its
concentration for half-maximal inhibition of TRPM4 was
reported to be between 2.8 and 5.5 x 10 mol-L™" (Ullrich
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et al., 2005; Guinamard et al., 2006), flufenamic acid at a
concentration of 10~ mol-L™ reduced the frequency of EADs
by 84% in the present study, and this concentration was
reported to inhibit 70% of TRPM4 currents in cardiac cells
(Guinamard ef al., 2006). Hence, it is likely that TRPM4 is the
target affected by flufenamic acid in our experiments.

Regardless of the target of flufenamic acid, the inhibition
of EADs is intriguing. So far, there have been few data
reported on the effects of flufenamic acid on cardiac func-
tions. A study on rat atrium reported that flufenamic acid
exaggerated ischaemia-induced mechanical perturbations by
enhancing the decline in the ATP store (Northover, 1989). To
our knowledge, there is no available data regarding the effect
of flufenamic acid on arrhythmias. Yet it is a matter of inter-
est, since flufenamic acid doses used in clinical applications
lead to serum concentrations of 1.4-4 x 10°° mol-L!, similar
to the concentration used in our study (Aly et al., 2000).

TRPM4 in EAD induction

TRPM4 is a non-selective monovalent cation channel con-
ducting Na* and K* ions with equal efficiency (Launay et al.,
2002). Hence, it is suspected to maintain the resting mem-
brane potential at 0 mV when activated, if one considers that
the internal and external concentrations for total monova-
lent cations are equivalent. In the time course of a cardiac
action potential, two parameters would favour TRPM4 acti-
vation: firstly the voltage reached during the overshoot and
the plateau phase, because TRPM4 is a non-inactivating
voltage-dependent channel with increased activity at depo-
larized voltages (Launay et al., 2002; Nilius et al., 2003); sec-
ondly, the cytoplasmic calcium transient because TRPM4 is
an intracellular-Ca*-activated channel (Launay et al., 2002).
TRPM4 would thus slow down the repolarization. Slowing of
the repolarization process is favourable for reactivation of the
Ca?" current and thus appearance of EADs (Carmeliet, 1999).
Interestingly, we have previously reported an overexpression
of TRPM4 in cardiac hypertrophy (Guinamard et al., 2006), a
pathology known to be associated with an increased occur-
rence of EADs in the rabbit (Yan et al., 2001). It is noteworthy
that 9-phenanthrol did not affected RMP in our study, sug-
gesting that the TRPM4 channel was already closed because
of the negative voltage and low calcium level at the diastolic
potential. TRPM4 would thus participate in triggered arrhyth-
mias but may not induce spontaneous activity in the
ventricle.

In conclusion, our data indicate that 9-phenanthrol,
a benzo[c]quinolizinium derivative, can reduce cardiac
arrhythmia, most likely due to its inhibition of TRPM4
channel. Thus, while classical therapeutic approaches target
specific K, Na* or Ca** channels, non-selective cation channel
inhibitors may be effective pharmacological agents in the
treatment of cardiac arrhythmias.
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